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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause
serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using
laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and
phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes
in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant
decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day
tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most
profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue
fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses
suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
Keywords: TNT, bioaugmentation, biostimulation, phytoremediation, microbial community.
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Introduction
The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),
has been extensively used for over 100 years, and this
persistent toxic organic compound has resulted in soil
contamination and environmental problems at many
former explosives and ammunition plants, as well as
military areas (Stenuit, Agathos 2010). TNT has been
reported to have mutagenic and carcinogenic potential
in studies with several organisms, including bacteria
(Lachance et al. 1999), which has led environmental
agencies to declare a high priority for its removal from
soils (van Dillewijn et al. 2007).
Both bacteria and fungi have been shown to
possess the capacity to degrade TNT (Kalderis et al.
2011). Bacteria may degrade TNT under aerobic or
anaerobic conditions directly (TNT is source of carbon
and/or nitrogen) or via co-metabolism where addi-
tional substrates are needed (Rylott et al. 2011). Fungi
degrade TNT via the actions of nonspecific extracel-
lular enzymes and for production of these enzymes
growth substrates (cellulose, lignin) are needed. Con-
trary to bioremediation technologies using bacteria or
bioaugmentation, fungal bioremediation requires
an ex situ approach instead of in situ treatment (i.e.
soil is excavated, homogenised and supplemented
with nutrients) (Baldrian 2008). This limits applicabil-
ity of bioremediation of TNT by fungi in situ at a field
scale.
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characteristics of the sprawl have increased in recent years 
(Terzi, Kaya 2008). Rapid and economical access to spatial 
data due to advances in remote sensing and rapid analysis 
possibilities using Geographic Information System (GIS) 
technology have result d in a  i crease i  the study of ur-
ban patterns and changes (Duran et al. 2006; Musaoglu 
et al. 2006; Bhatta 2010; Kaya et al. 2012; Hegazy, Kaloop 
2015; Ozturk 2015). 
There are many techniques for measuring and map-
ping urban morphology and urban sprawl, including 
shape index, contagion index, Shannon’s entropy, fractal 
analysis and Moran’s I (Bhatta 2012; Munafo, Congedo 
2013; Zeng et al. 2014). With evolving technology, math-
ematical methods have been introduced in urban analysis, 
and complex analysis methods have been widely used in 
form analysis (Kaya, Bolen 2011). Shannon’s entropy and 
fractal analysis have recently been used in urban analy-
sis, especially in studies that integrate remote sensing and 
GIS (Dewan, Corner 2014). Shanno ’s e tropy is sug-
gest d as a measure of spread (Nason 2008). It is one of 
the most commonly used and one of the most reliable 
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abstract. Urban sprawl is one of the most important problems in urban development due to its negative environ-
mental and societal impacts. Therefore, the spatial pattern of urban growth should be accurately analyzed and well 
understood for effective urban planning. This paper focuses on urban sprawl analysis in the Atakum, Ilkadim and 
Canik districts of Samsun, Turkey. In this study, urban sprawl was examined over a period of 24 years using Shannon’s 
entropy and fractal analysis based on remote sensing and Geographic Information System (GIS). The built-up areas in 
1989, 2000 and 2013 were extracted from Landsat TM/ETM+/OLI images using the maximum likelihood classifica-
tion method, and urban form changes in the 1989–2013 period were investigated. The Shannon’s entropy method was 
used to determine the degree of urban sprawl, and a fractal analysis method based on box counting was used to char-
acterize the urban sprawl. The results show that Atakum, Ilkadim and Canik experienced important changes and have 
considerable sprawl and complex characteristics now. The study also revealed that there is no monotonic relationship 
between Shannon’s entropy and fractal dimension.
Keywords: urban sprawl, Shannon’s entropy, fractal analysis, box-counting, maximum likelihood classification, Landsat.
Introduction
Understanding urbanization and analyzing urbanization 
patterns are useful for determining the current and future 
needs of a region. Addressing these future needs is es-
sential, especially for the management of limited natural 
resources and the construction of infrastructure. Uncon-
trolled urbanization allows for urban sprawl in general 
and leads to serious problems in both short- and long-
term infrastructure planning (Sudhira et al. 2004). Urban 
sprawl is a complex phenomenon and has both environ-
mental and societal impacts (Sun et  al. 2007). It causes 
many problems, such as environmental damage, economic 
inefficiency and injustice in public and infrastructure ser-
vices. Therefore, it is not a suitable urban growth pattern 
(form) for sustainable development (Jat et al. 2008; Mar-
sousi, Lajevardi 2011; Li 2012; Jaeger, Schwick 2014; Has-
s n, Le  2015).
Urban spra l is one of the most discussed topics in 
urban planning. The f ctors that cause urba  sprawl, the 
results of urban sprawl an  urban policies constitute the 
main research topics, but studies measuring the forms and 
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techniques for the determination of urban sprawl due to 
its robustness and easy application (Verzosa, Gonzalez 
2010; Sarvestani et al. 2011). Shannon’s entropy is used to 
measure the degree of spatial concentration or dispersion 
of geographic variables among “n” spatial zones. There are 
several spatial zone division approaches in the literature to 
calculate entropy values. The most common are adminis-
trative boundaries (Sudhira et al. 2003, 2004; Jat et al. 2008; 
Bhatta 2009; Li 2012), circular buffer zones around the 
center (Kumar et al. 2007; Sun et al. 2007; Sarvestani et al. 
2011; Kiran, Joshi 2013; Hsieh 2013), pie sections (Bhatta 
et al. 2010a), and a combination of circular buffers and pie 
sections (Ramachandra et  al. 2012; Alsharif et  al. 2015; 
Ramachandra et al. 2015). Buffer zones are created around 
city centers and a city center is generally determined using 
one of three basic forms: the geometrical center, the com-
mercial center and the political hot spot (Wu et al. 2013). 
Entropy can be used to indicate the degree of urban sprawl 
by examining whether built-up area development in a city 
is dispersed/sparse or compact (Jat et al. 2008). The disper-
sion of built-up areas from a city center or road network 
causes an increase in the entropy value (Tewolde, Cabral 
2011). Recently, fractal analysis has emerged as a power-
ful technique for the analysis of urban morphology and 
structure (Mcadams 2007). Fractal geometry allows for the 
analysis of complex processes by overcoming the rigidity 
of Euclidean geometry and provides an important insights 
for describing the urban form and characterizing sprawl 
(Mesev et al. 1995; Hu et al. 2015). Fractal analysis mainly 
includes the calculation of fractal dimension. There are 
many different methods for the calculation of the fractal 
dimension: the topological dimension, Hausdorff dimen-
sion, self-similarity dimension, box-counting dimension, 
capacity dimension, Euclidean dimension, information di-
mension, and more (Peitgen et al. 2004; de Castro 2006). 
Box counting is one of the most well-known and most 
commonly used methods to calculate the fractal dimen-
sion (Brown 1995), and it is widely used in studies relat-
ed to land use, spatial analysis and urban analysis (Shen 
2002; Kaya, Bolen 2011). The fractal dimension of a city 
provides a measure of the extent to which a city fills its 
two-dimensional area (Torrens, Alberti 2000). In the case 
of urban sprawl, empty spaces are filled with irregular and 
self-similar forms (Li 2012), and the urban form shows a 
complex structure (Terzi, Kaya 2008; Li 2012). The fractal 
dimension is a useful parameter for the characterization 
of complexity (de Oliveira et al. 2014) and a higher fractal 
dimension indicates a more complex geometry (Hu et al. 
2015). The fractal dimension can be thought of as a space 
filling measure and fractal dimension of urbanized areas 
can also be thought of as an indicator of the complexity 
or dispersion of the urban form. In general, a higher value 
of a city’s fractal dimension indicates a more complex or 
disperse city (Shen 2002). Therefore, to understand the 
characteristics of urban growth and to examine urban 
sprawl, the use of fractal analysis alone or in combination 
with other methods has become increasingly common 
(Terzi, Kaya 2008; Li 2012). 
Determination of the degree and the form of urban 
sprawl and understanding the reasons are very important 
because urban sprawl is a barrier to sustainable develop-
ment (Jat et al. 2008; Marsousi, Lajevardi 2011; Li 2012; 
Jaeger, Schwick 2014; Hassan, Lee 2015). Turkey, as a de-
veloping country, faces the problem of urban sprawl. Sam-
sun is one of the sections where urban sprawl has become 
a most significant problem because of the rapid population 
growth potential. For this reason, a case study in Samsun 
was conducted to characterize the urban growth pattern of 
the regions with rapid population growth in Turkey. The 
first goal of this study is to measure the sprawl and com-
plexity of the adjacent administrative districts of Atakum, 
Ilkadim and Canik in Samsun, Turkey in the years 1989, 
2000 and 2013, during which these districts experienced 
rapid growth, using Shannon’s entropy and fractal analysis 
based on remote sensing and GIS. In addition, the changes 
and the causes and effects of the changes over the period 
1989–2013 are investigated. The second goal is to deter-
mine whether there is a relationship between Shannon’s 
entropy and fractal dimension. To this end, the paper is 
organized as follows: Section 1 introduces the study area, 
Section 2 gives a detailed methodological framework of 
image classification, Shannon’s entropy and fractal analy-
sis, Section 3 reports the findings on sprawl, the assess-
ment of Shannon’s entropy and the fractal dimension val-
ues, and Section 4 evaluates and discusses the results.
1. study area: atakum, Ilkadim and canik
Atakum, Ilkadim and Canik are the three districts with 
the highest population growth rates out of the 17 districts 
connected to the Samsun Province in Turkey (Fig. 1). Pre-
viously, Atakum, Ilkadim and Canik were first-tier munic-
ipalities, and they gained district status with Law No. 5747 
published in Official Gazette No. 26824 in 2008. 
The total area of the districts is approximately 
354  km2 for Atakum (Atakum Municipality 2014), ap-
proximately 152 km2 for Ilkadim (District Governorship 
of Ilkadim 2015) and approximately 250  km2 for Canik 
(District Governorship of Canik 2015). This study focuses 
on the portion of the Atakum, Ilkadim and Canik Dis-
tricts with the largest population increase, a high urban-
ization potential and high urban development. The study 
area consists of an area of 92.7 km2 consisting of 29 sectors 
and containing 94.7% of Atakum’s population in Atakum, 
an area of 60.2 km2 consisting of 52 sectors and containing 
98.1% of Ilkadim’s population in Ilkadim and 9.5 km2 area 
consisting of 16 sectors and containing 80.4% of Canik’s 
population in Canik (Fig. 1).
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2. data and methodology
In this study, the urban sprawl and urban sprawl changes in 
the Atakum, Ilkadim and Canik Districts of Samsun were 
examined. These districts are adjacent and have experi-
enced significant population increases but differ from each 
other in topographical, areal, and morphological character-
istics. These characteristics have contributed to the nodes 
and routes of transportation networks, construction condi-
tions and hence urban forms. For this reason, these three 
districts were analyzed separately and compared with each 
other. Shannon’s entropy was used to measure the urban 
sprawl, and fractal analysis was used to identify the sprawl 
characteristics. Built-up areas, which are necessary for the 
detection of urban sprawl, were obtained using Landsat-4 
TM from August 2, 1989, Landsat-7 ETM+ from June 13, 
2000 and Landsat-8 OLI from September 13, 2013. These 
images were classified using a maximum likelihood classifi-
cation method. Because the major concern of the study was 
urban sprawl, the land use/cover classes were reclassified 
into built-up and non-built-up for further analysis. Satel-
lite images were downloaded free of charge from the U.S. 
Geological Survey Earth Explorer (U.S. Geological Survey 
2015). To rectify and classify images and to check the clas-
sification results, 1/25000, 1/5000 and 1/1000 scale maps 
were used, and to determine the boundaries of the study 
area, 1/25000 scale administrative boundary maps were 
used. ENVI 5.1 software (Exelis, Herndon, VA) was used 
to process and classify the satellite images, and ARIS Grid 
Editor (ARIS B.V., Utrecht, NL) running on ArcGIS 10.0 
software (ESRI, Redlands, CA) was used to enhance the 
classification results by editing. Shannon’s entropy analysis 
was performed using ArcGIS software, and fractal analysis 
was performed using ImageJ software (National Institutes 
of Health, USA), which can be obtained for free from the 
web (IMAGEJ 2015), and the FracLac plugin (FRACLAC 
2015), which runs on ImageJ. Shannon’s entropy was used 
to measure urban sprawl, and fractal analysis was used to 
understand the changes in the fractal dimension of this 
sprawl. The main process steps of this study are shown in 
Figure 2.
In the first phase, Landsat images are classified and 
reclassified into built-up and non-built-up areas in a 
Fig. 2. Flow chart showing the main steps of the study
Fig. 1. Location of the study area: the Atakum, Ilkadim and Canik Districts are in the Black Sea Region, Turkey
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binary form. In the second phase, the urban sprawls in 
1989, 2000 and 2013 are examined using Shannon’s en-
tropy and fractal analysis, and the changes that occurred 
in the periods 1989–2000 and 2000–2013 are determined. 
In the final phase, the results are examined and compared, 
and the reasons for urban sprawl and changes in the 
sprawl as well as the effects of sprawl are discussed.
2.1. Image preprocessing and classification
A rectification process was performed prior to the clas-
sification of the Landsat satellite images, and all images 
were coordinated to the UTM-WGS84 system. First, the 
satellite image of 2013 was georeferenced using 1/25000, 
1/5000 and 1/1000 scale maps; then, the images of 1989 
and 2000 were image-to-image geo-referenced using the 
2013 image. All of the total mean square errors of the rec-
tification processes were less than 0.5 pixels. The rectified 
images were classified into four classes, including artifi-
cial areas, vegetation areas, open spaces and water spaces, 
using maximum likelihood classification and 150 sample 
points for each class. All bands were used in the classifica-
tion except for the thermal band due to its spatial resolu-
tion. In this study, to examine the spatial pattern of the 
urban areas in the three periods, the classes were reclassi-
fied into built-up and non-built-up areas. To accomplish 
this task, the images were first reclassified into artificial 
fields and other classes, and later, roads were eliminated 
from the artificial areas to restrict the built-up class to 
only residential areas, including housing, commercial or 
industrial purposes (because there are road sections that 
do not include settlements in the surrounding areas and 
provide only transportation between cities). The images 
reclassified as built-up and non-built-up areas were edited 
using auxiliary data. For this purpose, reclassified images 
were overlaid with several band combinations of satellite 
images, aerial photographs, and maps and misclassified 
pixels were edited manually by visual inspection. The final 
accuracy was increased by this process. The accuracies of 
the built-up layers were checked using 300 test points for 
built-up and non-built-up areas in 1989, 2000 and 2013. 
The kappa values are 0.80, 0.82 and 0.85 for the years 
1989, 2000 and 2013, respectively. All kappa values are 
greater than 0.80, and an accuracy greater than 0.80 shows 
strong to perfect agreement, as indicated by Zheng et al. 
(2015). Binary images of the built-up areas and non-built-
up areas from 1989, 2000 and 2013 are shown in Figure 3 
in the Results section.
2.2. shannon’s entropy and urban sprawl
Shannon’s entropy measures the degree of spatial con-
centration and dispersion of the surface (Tewolde, Ca-
bral 2011). Relative entropy can be used to scale the en-
tropy value into a value that ranges from 0 to 1 and can 
be computed using Eq. (1) (Sun et al. 2007; Bhatta et al. 
2010b). The distribution of the built-up areas has a maxi-
mum compactness (concentrated, aggregation) in one re-
gion if the value of entropy is 0, and the value is 1 when 
the built-up area has an unevenly dispersed spatial dis-
tribution (Tewolde, Cabral 2011). The halfway mark is 
generally considered the threshold (Bhatta et  al. 2010b; 
Alsharif et  al. 2015). If the entropy value crosses this 
threshold (0.5), the city is considered sprawling (Bhatta 
et al. 2010b): 
 
=∑ log(1/ ) / log( ),nn i iiE p p n   (1) 
where = ∑ni i iip x x and xi is the density of land develop-
ment, which is equal to the amount of built-up land di-
vided by the total amount of built-up land in the ith of n 
total zones (Tewolde, Cabral 2011; Mohammady, Delavar 
2014).
Because the distribution of a geographical phenom-
enon can be measured and determined using entropy, the 
difference in the entropy between time t and t + 1 can be 
used as an indicator of the magnitude of the change in the 
urban sprawl by calculating the difference in the dispersity 
(Eq. (2)) (Yeh, Li 2001):
 )()1( tEtEE nnn −+=∆ , (2) 
where ΔEn is the difference between the relative entropy 
values from two time periods, En(t +1) is the relative en-
tropy value at time period t+1, and En(t) is the relative en-
tropy value at time period t (Sun et al. 2007).
In this study, to calculate entropy, concentric rings 
around the city center with 1-km intervals were created 
for each district. The central commercial centers shaping 
urban growth were chosen as the city centers. The study 
areas were also divided into eight directions (North: N, 
South: S, East: E, West: W, Northeast: NE, Northwest: 
NW, Southeast: SE, and Southwest: SW) to examine urban 
sprawl based on direction.
2.3. fractal analysis of urban sprawl using  
box-counting method
The notion of “fractal” was introduced by Mandelbrot 
(1983) and comes from the Latin term “fractus”, meaning 
irregular and fragmented; this term is a general expres-
sion for self-similarity (Hirata et al. 1987). Euclidean ge-
ometry is meaningful and descriptive for simple geometry 
but cannot adequately express complex objects. Fractal 
geometry measures the level of complexity rather than the 
length, area and volume measurements in Euclidean ge-
ometry (Kaya, Bolen 2011). 
Fractal objects develop via the repetition of the same 
principles from small scales to large scales. A similar ge-
ometry/development model repeats at different scales 
(Kaya, Bolen 2011). It is not possible to see the repetition 
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of the same geometry at different scales, which is called 
“self-similarity”, in most real-world applications (Green 
1998; Kaya, Bolen 2011). Similarly, self-similarity is not of-
ten seen in urban areas. Therefore, self-similarity in urban 
studies should be considered continuity in terms of the 
spatial organization and level of complexity rather than 
the presence of similar forms at different scales (Kaya, Bo-
len 2011). 
Quantification of this complexity by only the visual 
aspects is difficult, and for this reason, the fractal dimen-
sion is calculated (de Oliveira et al. 2014). The box-count-
ing dimension can measure pictures that are not self-sim-
ilar (Green 1998). This method computes the number of 
cells required to completely cover an object with grids of 
cells of varying size. Practically, this is performed by su-
perimposing regular grids over an object and counting the 
number of occupied cells (Morency, Chapleau 2003).
The logarithmic ratio of the change in the number of 
grids to the change in the grid size gives the fractal dimen-
sion values (Eq. (3)) (Peitgen et al. 2004; Kaya et al. 2009):
 = 2 1 2 1(log – log ) / (log – log ),BD N N S S  (3) 
where DB is the fractal dimension based on the box-count-
ing method, N is the box number, and S refers to the box 
size. 
The fractal dimension has a value between 1 and 2 
(Terzi, Kaya 2008). Values close to 1 indicate more com-
pact and more sustainable urban areas, and values close 
to 2 indicate less compact or more sprawling and disperse 
situations (Torrens, Alberti 2000).
In this study, the fractal values were calculated using 
10 different grid positions, and the average of the values 
obtained according to these grid positions was used. The 
smallest grid size was selected as 150 m × 150 m (5 pixels), 
and the largest pixel size was selected as 1.5 km × 1.5 km 
(50 pixels) by taking into account the area of the investi-
gated region and the image pixel size.
2.4. Graphical comparison of shannon’s entropy value 
and fractal dimension
Visualization of data or analysis results is always useful to 
compare them (Gardener 2014). Graphical representation 
is the simplest way of the visual inspection. In order to 
understand the similarities and differences between the 
results of two or more methods, graphical comparison can 
be realized (Cleveland et al. 1978). In this study, to com-
pare the results of Shannon’s entropy and fractal analysis 
and to evaluate relationships, a graph showing the changes 
in entropy and fractal dimensions over the years was cre-
ated (Fig. 6 in the Result section).
3. results
To better understand the urban sprawl in Atakum, Ilkad-
im and Canik for the years 1989, 2000, and 2013, the re-
sults are discussed separately as built-up areas and urban 
growth, quantification of urban sprawl using Shannon’s 
entropy, characterization of urban sprawl using fractal 
analysis and comparison of Shannon’s entropy and fractal 
dimension. Shannon’s entropy and the fractal dimension 
quantify the degree of dispersion and complexity of the 
urban form, respectively. 
3.1. Built-up areas and urban growth
The binary images encoded as built-up areas and non-
built-up areas that were obtained from satellite images 
after classification and editing are shown in Figure 3. Fig-
ure  3 shows that the coastal area in the eastern part of 
Atakum was almost filled in the 1989–2000 period; there-
fore, in the period 2000–2013, urban growth occurred to-
ward the south and southwest direction. In the western 
part of Atakum, the coastal area was filled during both 
periods, and spread inland occurred in some places. In the 
eastern part of Ilkadim, there was a spread from the coast 
inland in the period 1989–2000, and the section adjacent 
Fig. 3. Built-up and non-built-up areas in Atakum, Ilkadim and Canik for 1989, 2000, and 2013. The coastal areas were 
increasingly filled with built-up areas between 1989 and 2013, and the spread started inland
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to Atakum was filled with dense settlements in the period 
2000–2013. During the same period, a large spread south-
ward was observed in the section of Ilkadim adjacent to 
Canik. Canik showed a systematic growth in its small area, 
and the eastern section was completely filled by 2013.
In Table 1, the total area, built-up area, built-up area 
annual growth rate (the growth rates were calculated us-
ing a logarithmic formula) and change in the built-up area 
over time are shown for each district. Table 1 shows that 
urban growth in 2000–2013 was greater than in 1989–
2000. When the three districts were compared, the high-
est increase in built-up areas was observed in Atakum. 
The built-up areas, which accounted for 6.10 km2 in 1989, 
reached 18.26 km2 in 2013 and approached the total built-
up area value in Ilkadim. Considering the percentage in-
crease per district, the largest increase was experienced in 
Canik, and 57.4% of the area was built-up in 2013.
In this study, to calculate the built-up area density at 
different zones from the center and to calculate Shannon’s 
entropy, concentric rings around city center with intervals 
of 1 km were created for each district (Fig. 4a). There are 16, 
12, and 4 concentric rings for Atakum, Ilkadim and Canik, 
respectively. To determine the number of built-up zones, 
the zone with the outermost built-up area was taken into 
consideration. Urban density was primarily calculated in 
these zones, and the differences between zones were evalu-
ated. The changes in the built-up densities in Atakum, Il-
kadim and Canik over time are shown in Figure 4b.
Figure 4b shows peaks in zones 1, 6, 12, and 15 in 
Atakum. The reason for the high densities in these zones 
is that Atakum has sub-centers, which were separate mu-
nicipalities before 2008. In the graph, Ilkadim has peaks in 
zones 8 and 10. The reasons for these peaks are industrial 
facilities and trade settlements in the automotive sector, 
which extend along the Samsun-Ankara highway. In Can-
ik, the small area, rough topography, hills and mountains 
in the southern section caused the dense settlements in a 
small area. For this reason, Zones 1 and 2 have approxi-
mately equal densities.
3.2. Quantification of urban sprawl using shannon’s 
entropy
Shannon’s entropy values were calculated at the global 
level (general scale) using the concentric buffer zones in 
Table 1. The changes in the built-up area and built-up area density over time in Atakum, Ilkadim and Canik





Built-up area (km2) 6.10 10.09 18.26
Built-up density (%) 6.6 10.9 19.7
Built-up area growth rate (‰) 45.8 45.6 45.7





Built-up area (km2) 10.56 12.59 20.12
Built-up density (%) 17.5 20.9 33.4
Built-up area growth rate (‰) 16.0 36.1 26.9





Built-up area (km2) 2.61 3.32 5.44
Built-up density (%) 27.5 35.0 57.4
Built-up area growth rate (‰) 21.9 38.0 30.6
Change in built-up area (km2) 0.71 2.12 2.83 (29.9% of total area)
Fig. 4. (a) Circular buffer zones created by the 1-km intervals from the centers of Atakum, Ilkadim and Canik. (b) The changes in 
the built-up density over time in each buffer zone in Atakum, Ilkadim and Canik
a) b)
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Figure 4a and at the direction level using sliced directions. 
Thus, the study area for each district is partitioned into 
zones in both circular regions and pie sections.
Urban sprawl can show different characteristics in 
each direction. A more comprehensive overview of ur-
ban sprawl was obtained by using direction-based zones. 
Table  2 shows the entropy values, which indicate the 
sprawl rates, for Atakum, Ilkadim and Canik in 1989, 
2000 and 2013 and the changes in the entropy values 
during the periods 1989–2000, 2000–2013, and 1989–
2013. Table 3 shows the entropy values computed for all 
eight directions. 
Table 2 shows that distinct extents of the sprawl were 
identified for each district, and the entropy values ranged 
from 0.573 to 0.919. The highest entropy value was in 
Atakum, and the lowest entropy value was in Ilkadim for 
1989, 2000 and 2013. However, the entropy values showed 
an increase in Ilkadim and Canik in the 1989–2000 and 
2000–2013 periods, while there was no significant change 
in Atakum. Values close to 0 indicate built-up areas with 
compact structures, and values close to 1 indicate the 
presence of spread. The increases in the entropy values 
in Ilkadim and Canik show that the built-up areas are 
dispersed and that urban sprawl increased with time. Al-
though no increase was observed in Atakum, Atakum has 
an entropy value that is close to 1. Therefore, Atakum has 
the highest spread for all dates. In addition, the entropy 
values for all dates in all districts are greater than 0.5. This 
case demonstrates that no district has a compact structure, 
and urban growth has occurred as spread-urban sprawl.
Ilkadim has the lowest entropy value. Accordingly, 
Ilkadim has a more compact structure than the other 
districts. When the amount of change is investigated, 
it can be seen that the maximum variation occurred in 
the 2000–2013 period in Ilkadim. However, the entropy 
changes in Ilkadim are very low in the 1989–2000 pe-
riod. Similarly, Atakum underwent almost no change in 
all periods. In Canik, urban sprawl increased in both the 
2000–2013 and 1989–2000 periods, but the changes in the 
period 1989–2000 were much higher.
Table  3 shows that the entropy values are greater 
than 0.5 in the E, SE, S, SW, W, and NW directions for 
all dates in Atakum, and the entropy value is lower than 
0.5 in only the NE direction for all dates in Ilkadim. The 
entropy values are greater than 0.5 in the SE, S, SW, W and 
NW directions in Canik. In the N and NE directions from 
Atakum, there are landfill areas, which have the value of 
0 because the built-up areas in landfills cannot sprawl un-
less landfill areas are extended. The greatest spread (over 
0.90) in 1989–2013 occurred in the E and NW directions 
in Atakum, the N, E, and W directions in Ilkadim and the 
SE, S, and NW directions in Canik.
3.3. characterization of urban sprawl using fractal 
analysis
After application of Shannon’s entropy to understand the 
urban sprawl in terms of urban growth, fractal analysis of 
the built-up areas was implemented for the analysis of how 
the urban pattern changed. Because fractal analysis was 
applied in this study using the box-counting method, the 
number of cells that coincide with the built-up areas was 
determined based on the overlap of the grids at different 
Table 3. Shannon’s entropy in 1989, 2000, and 2013 for all directions
Year N NE E SE S SW W NW
Atakum
1989 0.000 0.000 0.974 0.861 0.674 0.551 0.794 0.960
2000 0.000 0.000 0.989 0.863 0.643 0.619 0.841 0.980
2013 0.000 0.000 0.994 0.866 0.776 0.770 0.891 0.981
Ilkadim
1989 0.907 0.297 0.928 0.862 0.700 0.675 0.728 0.656
2000 0.916 0.279 0.890 0.847 0.735 0.672 0.735 0.741
2013 0.816 0.196 0.872 0.842 0.816 0.891 0.910 0.851
Canik
1989 0.000 0.000 0.000 0.999 0.750 0.800 0.729 0.965
2000 0.000 0.000 0.000 1.000 0.864 0.847 0.718 0.956
2013 0.000 0.000 0.000 1.000 0.925 0.844 0.704 0.964
Table 2. Shannon’s entropy for the study area in 1989, 2000 and 2013 and the changes in the entropy over time
En ΔEn 
1989 2000 2013 1989–2000 2000–2013 1989–2013
Atakum 0.919 0.913 0.912 –0.006 –0.001 –0.007
Ilkadim 0.573 0.579 0.735 0.006 0.156 0.162
Canik 0.710 0.766 0.800 0.056 0.034 0.090
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sizes with the built-up layers. As indicated in the sub-sec-
tion “Fractal analysis of urban sprawl using box-counting 
method”, the fractal values were obtained through box 
counting with a minimum grid size of 150×150 m and a 
maximum size of 1.5×1.5 km. The overlapping of the lay-
ers with different box sizes are shown for Canik in Fig-
ure 5. The fractal values obtained from average of fractal 
dimensions calculated using 10 different grid positions are 
shown in Table 4. The fractal values reveal the fractal di-
mension of the urban form and represent the landscape 
complexity. These values, which change between 1 and 2, 
indicate an increase in shape complexity of the built-up 
area if they approach 2 and indicate that the built-up area 
has a more simple form if they approach 1. Table 4 shows 
that the complexity of the urban form increased in the 
1989–2013 period for each district.
When the fractal values, which show the spatial con-
figuration of the built-up areas in 1989, 2000, and 2013, 
were examined, increases in the fractal dimensions in Ata-
kum, Ilkadim, and Canik in the 1989–2000 and 2000–2013 
periods were found. The fractal dimension was higher in 
Canik than in the other districts in 1989 and 2000 and was 
higher in Ilkadim than in the other districts in 2013. Ata-
kum showed the largest increase in fractal dimension in 
both the 1989–2000 and 2000–2013 periods. Increases in 
the fractal dimension indicate that the districts have gained 
a more complex and fragmented structure in every period 
and the formation of irregular use. Canik showed a regu-
lar change, and the 2000–2013 period was more effective 
in Atakum and Ilkadim. While the fractal value in Atakum 
was lower than those in Ilkadim and Canik in 1989, the 
fractal values in the three districts are very close by 2013.
The development areas of urban sprawl reveal the in-
teractions between the compact built-up areas and empty 
spaces. As mentioned previously, in the case of urban 
sprawl, the spatial configuration is irregular, dispersed, 
scattered and fragmented, and sprawl usually exhibits an 
irregular and self-similar structure (Li 2012), which is 
why the fractal values can provide important information 
about the urban sprawl by providing information about 
the complexity of the urban form. Because the fractal di-
mension increased and exceeded 1.5 (value in the middle 
between 1 and 2) in 2013, all districts have transformed 
from more simple to more complex forms that are scat-
tered and fragmented. This can also be interpreted as the 
form of urban sprawl (determined by Shannon’s entropy) 
becoming increasingly complex.
3.4. comparison of shannon’s entropy and the fractal 
dimension
As urban sprawl increases, the fractal dimension increases 
in Ilkadim and Canik, as seen in the figure generated to 
examine the relationship between Shannon’s entropy and 
the fractal value (Fig. 6). In Atakum, the Shannon’s en-
tropy shows almost no change, while the fractal values in-
crease, and this increase is greater than those in the other 
districts. These results reveal that there is a relationship 
between the Shannon’s entropy and the fractal dimension 
for urban sprawl in general but not always. An increase 
in the fractal dimension even though there is no change 
in the Shannon’s entropy in Atakum can be interpreted as 
Atakum already having considerably high spread-sprawl 
properties in all tested periods, but the urban area has 
continued to grow and the city’s fractal structure has 
changed to a more complex spatial form.
When areal growth and Shannon’s entropy values 
were compared, there was no direct relationship. This can 
Fig. 5. Overlapping of layers with different box sizes for Canik
Table 4. Fractal values
Atakum Ilkadim Canik
Year 1989 2000 2013 1989 2000 2013 1989 2000 2013
Fractal value 1.279 1.363 1.510 1.434 1.476 1.598 1.445 1.493 1.562
Change amount 0.084 0.147 0.042 0.122 0.048 0.069
D. Ozturk. Assessment of urban sprawl using Shannon’s entropy and fractal analysis: a case study of Atakum, Ilkadim...272
be interpreted as areal growth not always causing urban 
sprawl. That is, a constant entropy value does not indicate 
the absence of urban areal growth. When areal growth and 
the fractal dimension were compared in the study areas, 
there was a clear relationship between the surface growth 
and the fractal dimension. As areal growth continued, the 
fractal dimension increased in all three districts. 
Figure 6 shows that built-up areas rapidly increased, 
and according to Shannon’s entropy values, this areal 
growth showed a dispersed and partitioned structure. 
Thus, there is urban sprawl in all districts because all en-
tropy values were higher than 0.5. Although the entropy 
value in Atakum remained stable, an increase in the fractal 
value reveals that the form of the urban sprawl in Ata-
kum became increasingly complex. The usefulness of the 
fractal dimension lies primarily in its aggregate measure 
of the overall urban form as a fractal (Shen 2002). The 
increase in the fractal dimension of the entire built-up 
areas reflects the process of urban space filling in addi-
tion to providing information about the complexity of the 
urban form (Feng, Chen 2010). Therefore, it is understood 
that, as Atakum, Ilkadim and Canik grew, complex spatial 
structures formed in the 1989–2013 period.
4. discussion 
Prevention of urban sprawl and ensuring sustainable ur-
banization can only be achieved by correctly determin-
ing urban sprawl and understanding the reasons behind 
it (Li 2012). Every city has a unique and specific urban 
morphology. These structures were shaped by natural and 
demographic factors, land-use policies and space usage 
decisions. Samsun, as one of the oldest settlements on the 
coast of the Black Sea, has remained under intense urban-
ization pressure and has undergone a rapid anthropogenic 
change and transformation in recent years (Turkish Min-
istry of Environment and Urban Planning 2012). When 
the changes in the urban structures of Atakum, Ilkadim 
and Canik, which are connected to Samsun and adjacent 
to each other, were compared, the three districts showed 
different structures and trends in the changes in the sur-
face area in built-up areas and degree and characteristics 
of urban sprawl/spread depending on the districts’ specific 
conditions. This disparity mainly characterized the differ-
ences in urban growth pattern in Turkey. It was under-
stood that urban form and growth conditions can be very 
different, even in areas that are physically very close. Even 
so, when overall assessment is made, the results indicated 
that the urban area in the three districts has undergone 
considerable sprawl. This situation reveals that sprawling 
is a general problem in Turkey as in developing countries.
According to data from 2014 from the Turkish Sta-
tistical Institute, population growth was observed in only 
4 of the 17 districts of Samsun, and three of the districts 
were Atakum, Ilkadim and Canik, which were examined 
in this study. These districts generally experience signifi-
cant migrant populations from other districts in Samsun 
and around the province. The boundaries of Atakum, 
Ilkadim and Canik were finalized in 2008. For this rea-
son, the population data prior 2008 did not conform to 
the borders of the districts (Ozturk 2015). Therefore, the 
population and population growth rates (the growth rates 
were calculated using a logarithmic formula) in the three 
district areas covered by the study for the assessment for 
2008 and beyond are shown in Table 5 (Turkish Statistical 
Institute 2015).
Table 5 shows that the highest population growth rate 
and the lowest population growth rate were observed in 
Atakum and Ilkadim, respectively. The rapid population 
growth in Atakum and Canik reveals the need for housing 
to meet this population change. The rate of annual increase 
Table 5. Population and annual population growth rates in 
Atakum, Ilkadim and Canik
District 2008 2014 Population growth rate (2008–2014)
Atakum 107 953 158 031 63.5‰
Ilkadim 298 850 308 170 5.1‰
Canik 65 724 79 931 32.6‰
Fig. 6. Changes in built-up area, Shannon’s entropy and the fractal dimension – Comparisons
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in built-up areas in the 2000–2013 period was 45.6‰ in 
Atakum and 38.0‰ in Canik (Table 1). Accordingly, the 
increase in the built-up area was compatible and consis-
tent with the population growth in Atakum and Canik. 
Population growth is the main cause of urban sprawl. 
Therefore, population growth in Atakum and Canik can be 
thought of as the main driving force for the urban sprawl 
experienced in these districts. The demand for low-cost 
housing, which is often a result of population growth, has 
led to the formation of low-density residential areas from 
the center towards the urban periphery. There are notable 
differences between the population growth rates and the 
increases in the built-up areas in Ilkadim: The population 
growth rate is far below the rate of increase of built-up 
areas in Ilkadim. In this case, the main cause of the urban 
sprawl in Ilkadim is the existence of trade, industrial and 
commercial areas and, thus, the working sector but not 
population growth. Li (2012) stated that the growth rate of 
built-up areas in many metropolises is much higher than 
that of the urban populations, and the situation in Ilkadim 
can be explained by this expression because Ilkadim has 
grown as a center of Samsun.
Highways have become the most important factor 
in the increase in the built-up area and the urban sprawl 
in each of the three districts (Fig.  7a). Figure  7a shows 
that the formation of settlements is along the way. How-
ever, the topographies and geometries of the districts also 
played important roles in the changes, and the districts 
have shown tendencies to spread in different directions. 
The linear shape of Atakum caused linear urban growth 
until 2000; since the 2000s, growth has been realized from 
the coast inland due to the complete development of the 
coastal areas. 
Shannon’s entropy values (0.573–0.919) showed 
sprawling characteristics similar to Calgary, Alberta, Can-
ada (0.851–0.905 between 1985 and 2001) determined by 
Sun et  al. (2007) and Tripoli, Libya (0.74–0.90 between 
1984 and 2010) determined by Alsharif et al. (2015). The 
fractal values were analyzed, and it was found that they 
increased in each of the three districts in both the 1989–
2000 and 2000–2013 periods. This indicates that the com-
plexity of the urban texture gradually increased in all three 
counties. The fractal value was less than 1.3 in Atakum 
and was greater than 1.4 in Ilkadim and Canik in 1989. 
Atakum had a lower fractal value because of its linear ur-
ban form compared to Ilkadim and Canik in 1989 and 
2000. However, the fractal dimensions of each of the three 
districts were greater than 1.5 and close to each other in 
2013. In studies on urban forms in different countries and 
counties, the fractal dimensions of urban areas have gen-
erally been between 1.3 and 1.8, and the fractal dimension 
increased with urban growth (Shen 2002; Mcadams 2007; 
Terzi, Kaya 2011; Li 2012; Tannier, Thomas 2013; Erdogan, 
Cubukcu 2014). 
The relationship between the change in the fractal 
value and the Shannon’s entropy, which is an indicator 
of spread, shows that the fractal dimension increased as 
Shannon’s entropy increased in Ilkadim and Canik, but 
the fractal value increased despite an unchanged Shan-
non’s entropy value in Atakum. As urban sprawl increased, 
the urban texture of Ilkadim and Canik became increas-
ingly complex. As Atakum experienced urban growth, 
Fig. 7. (a) Spatial distribution of the major road network and extent and distribution of the built-up areas. It can be seen that urban 
sprawl occurs along roads. (b) The transition to built-up areas via the destruction of forests, absolute agricultural land and pastures
a) b)
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the urban texture became complex, and the fractal value 
increased accordingly. However, in Atakum, the entropy 
value was close to 1 in 1989 and remained stable. The 
cause of the high value in Atakum can be explained by the 
existence of sub-centers that grew as municipalities before 
2008. Although it is generally expected that the fractal 
value increases as urban sprawl increases, the findings of 
the study show that there is not a monotonic relationship 
between the fractal value and the entropy value. In other 
words, there is not always a positive linear correlation be-
tween them.
The results of this study showed similar results to 
other studies. Terzi and Kaya (2008, 2011), Kaya et  al. 
(2009) discussed the relationship between the sprawl in-
dex and the fractal dimension and indicated that there is 
a relationship between them, but it is not monotonic and 
is not always present. In these studies, the fractal dimen-
sion of the urban form was positively correlated with the 
urban sprawl index score when the urban growth pattern 
was more likely concentrated, but a negative relationship 
was observed between the fractal dimension and sprawl 
index score when the urban growth pattern changed from 
concentrated to semi-linear. Shen (2002) showed that an 
increase in the fractal dimension can be an indication of 
an increase in urban areas, but an increase in the fractal 
dimension is not a measure of the population density. 
Similarly, Li (2012) found that the measurements in some 
years showed a positive correlation and the measurements 
in other years showed a negative correlation between 
Shannon’s entropy and fractal value.
Shannon’s entropy and fractal values in the three 
districts showed that the urban forms are not com-
pact. In addition, while the urban area was increasingly 
spread and complicated with urban growth in all three 
districts, agricultural areas, forests and pastures were 
destroyed as a result of uncontrolled and unplanned 
growth (Fig. 7b). 
When the actual boundary of the forest in 1989 and 
the officially registered boundaries of the absolute agricul-
tural land and pastures land were compared to the built-up 
areas constructed between 1989 and 2013, approximately 
2.59 km2 absolute agricultural land, 0.10 km2 forests and 
0.14 km2 pastures in Atakum; approximately 1.36 km2 ab-
solute agricultural land and 0.03 km2 pasture in Ilkadim; 
and approximately 0.69 km2 absolute agricultural land was 
converted into urban use in Canik in the 1989–2013 pe-
riod. This reveals that, if a city is unable to provide con-
trolled growth and sustainable development, there is a 
projected increase in the destruction of natural resources.
If an overall assessment is made, it is seen that Shan-
non’s entropy and the fractal dimension provided a very 
important perspective for assessment of urban growth 
pattern and urban sprawl. Shannon’s entropy value helped 
to understand the degree of urban sprawl and fractal 
dimension provided an aspect for complexity of urban 
form and sprawl pattern. Thus, integrated use of Shannon’s 
entropy and fractal dimension ensures a detailed view on 
the urban sprawl. 
conclusions
In this study, the urban sprawl in Atakum, Ilkadim and 
Canik, which are three adjacent districts in Samsun, Tur-
key was measured using Shannon’s entropy, and the sprawl 
characteristics were revealed by fractal analysis. This study 
found that Shannon’s entropy and the fractal dimension 
can be effective for monitoring spatial urban growth dy-
namics and determined whether there is a relationship 
among them. The findings of the study reveal that urban 
sprawl is a problem for Atakum, Ilkadim and Canik and 
unplanned and uncontrolled growth has caused the de-
struction of agricultural areas, forests and pastures. For 
this reason, it is crucial to take necessary measures to con-
trol urbanization and to provide sustainable urban man-
agement in Atakum, Ilkadim and Canik in particular, but 
for Turkey in general as in all developing countries. This 
study also shows that the fractal dimension is not always 
associated with the entropy value and that urban sprawl is 
a multifaceted concept that should be investigated using 
different methods. As a result, it is recommended that in 
an effort to investigate urban sprawl, Shannon’s entropy 
values should be used to measure the degree of urban 
sprawl and the fractal value should be used to understand 
the change in the fractal dimension of the sprawl. Thus, 
urban sprawl can be evaluated in depth.
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